Genetic variation among isolates of Escherichia coli 0111 obtained mostly from patients with diarrhea in Brazil was assessed by multilocus enzyme electrophoresis to characterize chromosomal genotypes and by gene probes and adherence assays to characterize virulence properties. Among the 152 isolates, we resolved 16 distinct electrophoretic types (ETs), which differed on average at 40% of the enzyme loci. We identified four major bacterial 0111 clones of different disease classes: ET 12, which includes the bulk of the enteropathogenic E. coli strains, typically showing localized adherence and intimate attachment in tissue culture assays; ET 1, which includes strains with a different set of virulence markers; ET 9, which includes strains that show intimate attachment but lack localized adherence and Shiga-like toxin genes; and ET 8, which includes strains that are Shiga-like toxin producers and have the corresponding traits of enterohemorrhagic E. coli. Enteroaggregative strains constituted ET 10 and also occurred in ET 1. Isolates of the major clones were found in South and North America and matched in ET and virulence factors to previously described diarrheagenic clones that are widely disseminated in the human population. Because the major clones are genetically distantly related and exhibit different combinations of virulence factors, we hypothesize that they have distinct mechanisms of pathogenesis. The results indicate that genetic divergence of bacteria with the 0111 antigen, as measured by allelic variation in enzyme loci, is accompanied by divergence in virulence properties of clones so that identification and classification of pathogenic E. coli strains cannot be based solely on serotyping or a single virulence factor.
Escherichia coli strains of serogroup 0111 were the first strains implicated as the main cause of outbreaks of severe gastroenteritis in infant nurseries in the United Kingdom in the 1940s (4, 10) ; the serogroup is now recognized as one of the classic serogroups of enteropathogenic E. coli (EPEC) (15) . Since this early work, E. coli 0111 strains have been implicated in numerous epidemics of serious enteric disease, including 28% of 50 outbreaks of infantile diarrhea in the United States from 1934 to 1987 (18) . An 0111 strain was incriminated in an outbreak of prolonged, relapsing diarrheal illness in a day care center in Seattle, Wash. (25) , and more recently, an 0111 strain caused an extensive community outbreak of diarrhea involving more than 700 people in Finland (34) . In addition to clear-cut epidemics, E. coli 0111 strains are prevalent in endemic (or sporadic) cases of diarrhea. In Canada, Gurwith et al. (8) recovered 0111 strains in 3.5% of 418 children with acute diarrhea, significantly more often than in matching controls, and in Brazil, Gomes et al. (7) found 0111 strains in 19% of 500 cases of diarrhea in infants, with only 0.4% in matching controls.
Surveys of 0111 strains of diverse origin have shown that there is a substantial amount of genetic and phenotypic variation among bacteria of this 0 serogroup. Although motile 0111 strains from outbreaks of infantile diarrhea usually have either H2, H12, or H21 flagellar antigens, in many cases, nonmotile (H-) isolates are common and isolates of other specific H types are often cultured (29, 33) . Strains with serotypes 0111:H2 and 0111:H-typically carry genes specifying the EPEC adherence factor (EAF) that mediates localized adherence (LA) of bacteria to cultured epithelial cells and is a characteristic of strains of the classic EPEC serotypes (7, 21) . In contrast, 0111:H8 isolates have been classified as enterohemorrhagic E. coli (EHEC) because they lack EAF and possess a plasmid related to one found in 0157:H7 strains that cause hemorrhagic colitis (16) .
To test the hypothesis that separate outbreaks of infantile diarrhea were caused by the same bacterial strains, Stenderup and 0rskov (33) examined 0111 isolates of diverse origin and found that many cases of infantile diarrhea were caused by organisms with identical serotypes, biotypes, and outer membrane protein patterns, suggesting that together these characters marked bacterial clones with widespread distributions. This finding gained support from population genetic analysis by multilocus enzyme electrophoresis (32) , which showed that 0111:H2 strains of independent origin were clonally related, with identical alleles at many enzyme-encoding loci (24) . More recently, Whittam et al. (35) found that 0111 isolates are genetically diverse but that most 0111 isolates belong to a limited number of bacterial clones, as marked by distinct electrophoretic types.
The objective of the study reported here was to identify the major clonal types of the 0111 serogroup associated with diarrheal disease in Brazil and assess the variation among clones with regard to specific factors incriminated in virulence. We characterized the multilocus genotypes of a collection of 0111 strains by using enzyme electrophoresis to detect allelic variation in chromosomal structural genes and determined the clonal relationships among isolates. With the clonal framework, we examined the distribution of adherence and toxin factors that contribute to the virulence of diarrheagenic E. coli.
MATERIALS AND METHODS
Bacterial strains. The study is based on the analysis of 152 E. coli strains of the 0111 serogroup, most of which were originally isolated from children with diarrhea in Brazil ( Table  1) . For comparative purposes, we included 14 strains isolated in Chile, 14 strains originally isolated in the United States, and 1 strain originally recovered in Guatemala. All strains were tested against standard flagellar (H) antisera by conventional serology (6). Nonmotile strains were designated H-.
Multilocus enzyme electrophoresis. To analyze enzyme electrophoretic variation, bacterial cell lysates were prepared and subjected to multilocus enzyme electrophoresis (32) . Twenty enzymes, listed in Table 2 , were examined for allelic variation as described previously (35) . For each enzyme, electromorphs were determined through comparisons to standard mobility variants and assigned numbers by their rate of anodal migration. Isolates that lacked detectable enzyme activity were designated as having a null allele at the locus in question.
To estimate the genetic relationships among isolates, electromorphs were equated with alleles at the corresponding enzyme locus, so that each bacterial strain was characterized by its multilocus genotype (allele combination) for the enzymeencoding loci assayed. Distinctive multilocus genotypes were designated electrophoretic types (ETs) and were numbered by their inferred relationships from phylogenetic analysis. Genetic distance between ETs was calculated from the proportion of mismatched alleles under the assumption that a mobility difference results from at least one codon change at the nucleotide level. The genetic distances were used to generate a dendrogram by the average linkage algorithm and tested by bootstrapping as described previously (35) .
Adherence properties. Each strain was characterized by the pattern of attachment of bacteria to HEp-2 cells in the presence of D-mannose as assayed by previously described methods (30) . Monolayers were examined after 3 and 6 h of incubation. Three distinct patterns of adherence were distinguished: LA occurred when bacteria bound to localized areas of the HEp-2 cells in culture, forming distinct microcolonies; diffuse adherence (DA) occurred when bacteria adhered on the entire surface of the HEp-2 cells without formation of discrete microcolonies; and aggregative adherence (AA) occurred when clumps of bacteria adhered to the HEp-2 cells and on the glass slide in the absence of HEp-2 cells in a characteristic stacked-brick pattern (20) . In some cases, the adherence pattern could not be resolved, so the adherence pattern of these strains was considered indefinite.
FAS test. Each strain was examined by the fluorescent-actin staining (FAS) test, an in vitro tissue culture assay that is diagnostic for the attaching and effacing lesions characteristic of disease caused by EPEC infections (12) . The FAS test detects the high concentration of filamentous actin that accompanies intimate attachment of bacteria to tissue culture cells (11) . Strains were examined by the FAS test and classified as either FAS+ (dense concentrations of actin present) or FAS-(no dense actin concentrations). Readings of the slides were made after 3 and 6 h of incubation.
E-Hly. Enterohemolysin (E-Hly) production was detected by Gene probes. Strains were tested by colony hybridization as described by Maas (17) . The following specific gene probes were used: EAF, a 1.0-kb BamHI-SalI fragment from plasmid pMAR2 (19); EAE (E. coli attaching and effacing gene, eaeA), a 1-kb SalI-KpnI fragment from plasmid pCVD434 (9); DA factor, a 350-bp PstI fragment of pSLM852 (3); AA factor, a 1-kb EcoRI-PstI fragment of pCVD432 (1) 
RESULTS
Of the 152 0111 strains tested for the presence of flagellar antigens, 58.6% were typeable with standard H antisera, six could not be typed, and the remaining 37.5% of the strains were nonmotile (H- ET 12 were recovered about five times more often than isolates of ET 1, the second most common allele combination observed in the sample.
Genetic relationships of clones. Genetic distances between the 16 ETs listed in Table 2 were estimated from the number of allele differences and analyzed with the average linkage algorithm and bootstrap method as described previously (35) . The dendrogram illustrates the genetic similarity and degree of divergence between the 0111 clonal lineages and reveals three major clusters of strains at a genetic distance of 0.50 (Fig. 1) . The top cluster (A) was observed in 53% of the bootstrapped trees and comprises ETs 1 to 7. Cluster A includes the second most common 0111 clone (ET 1) and overall accounts for 16% of the 0111 isolates. Most of the 0111 isolates (83%) fall into cluster B, which is composed of six ETs (8 to 13 and 16) and includes the most common 0111 clone (ET 12). Only 1% of the 0111 strains belong to the highly divergent cluster C, represented by ETs 14 and 15, which groups at a genetic distance of more than 0.75 from the other clusters.
In four cases, more than 75% of the bootstrap trees supported specific groupings of ETs. These significant groups include ETs 3 and 4, ETs 9 and 16, ETs 11 to 13, and ETs 14 and 15 (Fig. 1) . For each of these four groups of strains, it can be inferred that the ETs are most closely related genetically to other ETs within the cluster. In contrast, the branching order for the remaining ETs within a cluster cannot be determined with statistical confidence based on the bootstrap analysis. For example, we can infer that ETs 3 and 4 are the closest relatives to one another in the A cluster but we cannot conclude that ET 1 is more closely allied to ET 5 than it is to ET 2.
Virulence properties of 0111 clones. The clones of cluster A marked by ETs 1 to 7 exhibited a variety of virulence properties (Table 3 The remaining six ETs of cluster A showed distinct combinations of virulence properties. Strains of ETs 3 and 4 were nearly identical in enzyme allele profile (Table 2) , and this genetic similarity was reflected in other traits of these strains: both expressed H25 antigens (Table 3) , exhibited a positive reaction in the FAS assay, and showed strong hybridization with the EAE gene probe. None of the ET 5, 6, or 7 strains showed any of the adherence patterns characteristic of diarrheagenic E. coli. It is noteworthy, however, that the ET 7 isolate was unusual because it was positive with both EAF and EAE gene probes yet failed to exhibit the appropriate adherence phenotypes.
The 0111 strains of cluster B typically had the eaeA gene and showed intimate adherence as assayed by the FAS test (Table 3 ). The exception was the 0111:H21 strains of ET 10 which showed aggregative adherence to HEp-2 cells and were positive with the AA gene probe (Table 3 ). In general, the different clones of the B cluster were distinct in their virulence traits. Strains of the clone marked by ET 8 were nonmotile, and some had the properties that define EHEC strains. (ET 8 isolates were probe positive for both EHEC and SLT-I sequences, and many expressed E-Hly.) In contrast, most ET 9 isolates produced E-Hly but lacked SLT genes or EHEC sequences.
More than 70% of the 0111 strains belong to the clonal lineage within the B cluster marked by ETs 11 to 13. Virtually all of these strains showed localized (LA') and intimate (FAS+) adherence and were positive for the corresponding EAF and EAE gene probes. The bulk of the ET 11 to 13 isolates had the H2 flagellar antigen, although many isolates of the common clone marked by ET 12 were nonmotile.
The occurrence of the various virulence factors in the 0111 clones is summarized in the right column of Fig. 1 The results presented here indicate that genetic divergence of 0111 clones, as measured by allelic variation in enzyme loci, is also reflected in differences in virulence factors. We identified four major bacterial clones that occur in South and North America, and each one is distinct in the combination of virulence factors that characterize its members. Each one of the clones is discussed in detail below. ET 12 clone. The most frequently isolated 0111 clone in our study was marked by ET 12 and accounted for nearly 70% of all the Brazilian 0111 strains. Virtually all members of this clone showed the characteristics of class I EPEC strains: they carried sequences homologous to EAF and eaeA and showed both localized (LA') and intimate (FAS+) adherence. Although most ET 12 isolates were motile, with the H2 flagellar antigen, 40% of the isolates of this clone were nonmotile and thus could not be identified by O:H serotyping alone. The fact that the LA phenotype was found nearly exclusively in the ET 12 clonal group explains why many LA' 0111 strains are indistinguishable in biotypic characteristics from 0111:H2 strains (29) .
Direct comparison of the allelic variants of ET 12 with electrophoretic profiles described in a previous study (35) indicates that ET 12 is a member of a common 0111:H2 clone represented by 43 isolates recovered from patients on four continents and referred to as DEC 12, or diarrheagenic E. coli clone 12 (35) . This close overall relatedness of the Brazilian isolates of ET 12 and the bacteria of DEC 12 is supported by the similarity in the phenotypes of these strains: most DEC 12 isolates exhibit LA and intimate attachment, and a high percentage of strains were nonmotile. It is noteworthy that this widespread clone includes Stoke W (0111:H-), a strain originally recovered from an epidemic of diarrhea in Scotland in 1947 (35) . Stoke W has the same adherence phenotype (LA' FAS+), hybridizes with both EAF and EAE gene probes, and causes attaching and effacing lesions in experimental infections in the rabbit ileum (27) . ET (14) . It is interesting that the seven strains of this clone had the ac combination of 0 antigens (6), a characteristic that we found only in one ET 1 strain, in the ET 2 and ET 6 strains, and in three ET 9 strains.
The idea that ET 8 has diverged from other 0111 clones and has a different mechanism of pathogenesis is supported by the results of experimental infections in animal models. An SLTproducing 0111 nonmotile strain (strain 10049 in reference 5), which is identical to ET 8 in its enzyme allele profile (data not shown), causes an immunocompromising effect in gnotobiotic pigs, including loss of lymphogranular complexes in the submucosa of the large intestine and reduction in the number of lymphocytes in peripheral blood (5) . In contrast, experimental infections with strain 2430 (0111:NM), which has the same allele profile as ET 12 (data not shown), does not result in the same immunocomprising effect (5) . The close relatedness of strain 10049 to ET 8 isolates from Brazil suggests that members of the 0111 EHEC clone marked by ET 8 may have similar immunocompromising effects in animal models and in human disease. ET 9 clone. This clone includes H9 and nonmotile strains as well as a strain whose H antigen could not be determined. All ET 9 isolates were EAE+, and most of them were FAS+ and E-Hly+. This combination of virulence factors differs from the other major 0111 clones, but strains with similar characteristics were found in ET 1 and ET 8. This kind of virulence pattern seems to be relatively common among strains of other E. coli serogroups, such as 055 and 026, and may reflect a novel mode of pathogenesis.
In general, we found good agreement between the results of the hybridization with gene probes and the expression of the appropriate adherence phenotype. For example, over all isolates, there were 109 probe-positive EAF strains and all but one strain had the LA phenotype. The single exception was an isolate of ET 7 (Table 3) which exhibited an indefinite pattern in the cell adherence assay. Other studies (7, 31) have reported similar results involving EAF+ LA-strains. The reason underlying this discrepancy is unknown but presumably involves mutations at loci that influence the full expression of the LA phenotype. Another discrepancy was observed for an isolate of ET 1 which exhibited the AA adherence pattern but was negative with the AA probe. The basis for this unexpected result is problematic. Finally, there were several cases in which strains were EAE probe positive but failed to show positive results in the FAS assay (Table 3) . It is known that mutations in the eae gene cluster may affect the function of intimin (13) , and there are mutants with abolished FAS activity that are able to adhere intimately to cells (28) . We hypothesize that the EAE+ FAS-strains observed here are natural variants that have accumulated mutations in one or more of the genes of the eae cluster and have lost full FAS activity.
The clonal framework provided by multilocus enzyme electrophoresis is clearly useful for identifying homogeneous groups of related bacteria, especially for the nonmotile 0111 strains that are recovered in high frequency. The comparison of the genetic distances to the distribution of virulence factors suggests that even relatively closely related strains, separated at a genetic distance of only 0.10, can strongly differ in virulence attributes. This observation suggests that the rate of acquisition and loss of virulence factors, such as the EAF plasmid or SLT genes, is rapid relative to the rate of accumulation of mutations at housekeeping genes in the evolution of 0111 lineages. The finding that the eaeA gene also occurs in highly divergent 0111 lineages suggests that it has undergone lateral transfers in the past via plasmids or phages. Further study of the sequence variation of specific virulence determinants will yield insights into the history of acquisition and loss and help elucidate the evolution of pathogenic clones. Finally, the question remains as to what extent the 0111 antigen itself contributes to the virulence of diarrheagenic E. coli (23) .
